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Available online 27 August 2014Classical Molecular Dynamics (MD) was used to investigate the effect of nanometric size pores on the
thermal conductivity of irradiated UO2. The Green–Kubo approach was used for the thermal conductivity
calculation.
The effects of pores size, porosity and pores separation were simulated. A comparison with existing
theoretical models is presented and an analytical model adapted to irradiated fuel is obtained. The results
demonstrate that, for realistic bubbles size and concentrations, the impact on the fuel thermal conduc-
tivity is higher than predicted by the correlations used to quantify the impact of porosity: the impact
of 0.3 vol.% of nanometric pores is of the same order of magnitude as that of 4.5 vol.% of micrometric
pores.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Gas pores are created in irradiated nuclear fuels as a result of the
formation and low solubility of the ﬁssion gases. The size of the
pores ranges from few angstroms to micrometers. The overall
impact of pores on the thermal conductivity is usually included in
the porosity effect which is evaluated with formulas obtained
applying the Fourier law to porous materials. The total porosity
ranges from about 5% to 15% depending on burn-up and radial posi-
tion in the fuel pellet. The higher values of the porosity correspond
to the high burn-up structure observed at the pellet rim at high
burn-ups. However, the nanometric size pore (nanopore) volume
fraction is never explicitly taken into account in the correlations
available for the thermal conductivity of irradiated fuels. Depend-
ing on how the porosity is determined, the nanometric pore volume
fraction is included or not. If the porosity is determined with the
application of optical micrography of the irradiated fuel, the nanop-
ores are not visible and their volume fraction is neglected. When
the porosity is determined from the difference between the mea-
sured density and the density for the matrix of irradiated fuel, the
nanopore volume fraction is included in the porosity.
The Fourier law is applied assuming that the size of the pores is
large compared to the mean free path of the phonons. A direct
consequence of this assumption is that the porosity effect on the
thermal conductivity does depend on pores shape and spatial
arrangement, but does not depend on pores size. This assumptionis not veriﬁed in the case of nanopores with high concentration.
Because of their high concentration (about 1017 cm3), and very
small size (a few nm), nanopores could be a parameter strongly
affecting the thermal conductivity by scattering phonons. How-
ever, no quantitative assessment of this impact in irradiated
nuclear fuels is available in the literature. In order to assess the real
impact of nanopores, a realistic calculation is required, based on
real size and concentrations.
2. Pores in irradiated fuels
Pores with micrometric size are observed in nuclear fuels. The
fresh fuel pore size distribution curve can have one or two modes,
with sizes between 1 and 10 lm. About 5 vol.% porosity is already
present in unirradiated fuel as a result of the admixture of pores
former before sintering.
Fission gas pores are observed in irradiated fuels within the
grains and along the grain boundaries. Both populations are
expected to impact the fuel thermal conductivity. The irradiation
conditions and the burn-up are described as having a limited inﬂu-
ence on the size and density of the intragranular pores [1]. If irra-
diation temperature increases from 900 to 1400 C the pores radius
increases from about 0.5 nm to about 1 nm, while the pores con-
centration decreases from 1018 cm3 to 6  1017 cm3 [2], repre-
senting respectively 0.052 and 0.25 vol.%. Irradiation temperature
and burn-up both inﬂuence the pores size and pores concentration.
A second population of pores, with a radius of 5–10 nm and a den-
sity of 1015 cm3 appears at high burn-ups or high irradiation tem-
peratures [3,4]. The pores size distribution changes from
monomodal to bimodal due to pores growth and coalescence.
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between 0.5 and 1 nm with a volume fraction below 1%.Fig. 1. Thermal conductivity at 500 K of UO2 containing 0.32 vol.% of nanopores.3. Impact of porosity and bubbles on the thermal conductivity:
Review
The impact of porosity on the thermal conductivity of a material
is quantiﬁed by solving the Fourier heat transport equation. The
material is considered to be heterogeneous, i.e. composed by a
matrix containing inclusions. The effective or equivalent thermal
conductivity of the porous material is deﬁned assuming that the
thermal conductivity of both constituents, as well as the geometry,
is known. A large number of analytical solutions is available, corre-
sponding to various pore shapes, spatial arrangements and poros-
ity range. Except in some ideal cases, the analytical solutions are
obtained with approximations, for instance neglecting the interac-
tions between the pores. The equation of Maxwell [5] can, for
instance, be used for spherical non interacting pores, i.e. with a
low porosity.
Already in 1973 Ondracek and Schutz [6] stated that the ther-
mal conductivity of solid material depends not only on the pores
volume fraction, but also on their shape, relative size, distribution
and orientation. And these parameters should be taken into
account for correct estimation of thermal conductivity of a porous
material. Numerical solutions of the Fourier law can be obtained by
the ﬁnite elements technique. The advantage of this approach is,
however, often limited as the real three dimensional geometry is
not known, or can not be used because of calculation size limita-
tions. The impact of porosity on the thermal conductivity of
nuclear fuels is usually quantiﬁed by a formula resulting from
the equation of Maxwell with, in some cases, a correction for the
radiative heat transfer in the pores, for instance the equation rec-
ommended by Brandt and Neuer [7].
Usually, the impact of the nanopores on the thermal conductiv-
ity is not explicitly taken into account, but is included in the poros-
ity effect, applying the Fourier law to spherical pores. However, the
Fourier law cannot be applied for pores of a nanometric size,
because the assumption that the pores size is large compared to
the mean free path of the phonons is not veriﬁed. In the case of
nanopores, the thermal conductivity not only depends on the
porosity but also on the pores size.
A number of theoretical works have been done on nanoporous
materials with the attempt to investigate an inﬂuence of not only
porosity on thermal conductivity but also of pores size and distri-
bution [8–10]. These works showed that the thermal conductivity
of a porous material does depend not only on the porosity but also
on the average distance between the pores. It was also demon-
strated experimentally [11] that the thermal conductivity of nano-
porous Si is strongly dependent on the pore size at a given porosity.
Alvarez et al. [8] applied a phonon hydrodynamic approach for
the investigation of nanoporous silicon thermal conductivity and
obtained an equation for the thermal conductivity depending on
the porosity and a so called Knudsen number, which is the ratio
of the phonon mean-free path to characteristic size of the system.
This formula was applied for large volume fractions of nanopores
(from 40 to 90 vol.%). The radius of the pores was taken for the
characteristic size. Applying the expressions developed by Alvarez
et al. [8] demonstrates that the thermal conductivity of nanopor-
ous silicon is lower for higher nanopore volume fraction and also
for smaller pore size. This behavior is related to the phonon ballis-
tic effects [8].
Sellitto et al. [12] used the same approach as Alvarez et al. [8] to
investigate the inﬂuence of porosity and of pore size on the ther-
mal conductivity degradation in porous silicon for porosities from
30% to 90%. Three different geometrical arrangements of the pores(simple cubic, body-centered cubic and random) have been consid-
ered. It has been shown that, for any given value of the porosity, for
decreasing pore size the effective thermal conductivity decreases
whatever the geometrical arrangement of the pores is. Sellitto
et al. [12] has also showed that the body-centered cubic distribu-
tion leads to the highest decrease in the effective thermal conduc-
tivity among the considered geometrical arrangements.
Lee and Grossman [9] performed a Molecular Dynamics study of
the nanoporous Si thermal conductivity. In this work the depen-
dence of the thermal conductivity on pores radius and pores sepa-
ration was investigated for porosities from 7% to 38%. Lee and
Grossman [9] concluded that the Si thermal conductivity depends
on both the nanopores size and separation. In their work they
showed that the thermal conductivity of nanoporous Si decreases
with a decrease of pores size at a given porosity. The decrease of
the thermal conductivity was related to the reduction of the pho-
non mean-free path caused by the increased phonon scattering
at the pores surface. Furthermore, the decrease of the thermal con-
ductivity is more pronounced at low porosities (below 20%).
Coquil et al. [13] performed non-equilibriumMolecular Dynam-
ics simulations of amorphous nanoporous silica. The porosity var-
ied between 10% and 35%. In this work Coquil et al. [13] claimed
that thermal conductivity of nanoporous silica does not depend
on the pores radius and only on the porosity of the material. This
claim is in contradiction to the statements of the above authors
[6,8–11]. The presented results on the thermal conductivity of
nanoporous silica are in good agreement with the coherent poten-
tial approximation [13] but are higher than the experimental
results [14]. This discrepancy in the results was assumed to be
related to the presence of ‘‘necks’’ connecting the pores in a real
amorphous mesoporous silica.
In order to asses different models in this work, the thermal con-
ductivity of UO2 with a nanopore volume fraction of 0.32 vol.% was
calculated at 500 K with the formulas of Alvarez et al. [8] and Sel-
litto et al. [12] (see Fig. 1), considering pores radii from 1 to 100 Å.
The value of Fink [15] was used for the thermal conductivity of
dense UO2 (6.55 Wm1 K1) and the pores were attributed zero
thermal conductivity. For large pores (100 Å radius), the effective
thermal conductivity is equal to the prediction obtained with the
formula of Maxwell [5]. The predicted impact of the nanopores is
much higher if the pore radius is 5 Å: 5.37 Wm1 K1 for Alvarez
et al. [8] and 6.40 Wm1 K1 for Sellitto et al. [12] (pore concentra-
tion of 6  1015 cm3) compared to 10 Å: 6.16Wm1 K1 for
Alvarez et al. [8] and 6.45 Wm1 K1 for Sellitto et al. [12] (pores
concentration of 7:6  1014 cm3). In the case of the 10 Å pores,
the difference between the Alvarez et al. [8] and Maxwell [5]
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[12] and Maxwell [5] is of 0.6%, which is sufﬁcient in order to jus-
tify further investigations. Furthermore, the applicability of the
Alvarez and Sellitto equations to the low porosities relevant to
nuclear fuels needs to be checked.4. Theoretical background
In the present study classical Molecular Dynamics was used
with a force ﬁeld model based on the empirical pair potential
developed by Arima et al. [16–18]. This force ﬁeld model was cho-
sen due to its successful application to UO2 and its extension to
mixed oxide fuels [16–18]. In particular this model shows correct
description of the lattice constant as well as its temperature
dependence (thermal expansion) in the whole temperature range
of interest [16,19,20]. The model leads to thermal conductivity val-
ues in good agreement with literature data [19–22] in a wide tem-
perature range, with however an overestimation at low
temperatures [23,24].
For the Coulomb interaction, a ﬁnite-range pair potential pro-
posed by Wolf et al. [25,26] was used. In our previous work [19]
we proposed to use, for the UO2 system, the truncation radius for
this potential equal to 9.329 Å. Our tests have shown that this
value of the truncation radius leads to an accurate calculation of
the Coulomb interaction and to numerically correct results [19].
For the calculation of the thermal conductivity in equilibrium
Molecular Dynamics (EMD) the Green–Kubo approach [27] was
used. This method predicts the thermal conductivity from the anal-
ysis of the time-correlation of equilibrium heat ﬂux ﬂuctuations.
All the simulations were done for the NPT ensemble with peri-
odic boundary conditions and the time-step of 0.5 fs. The detailed
description of the modeling procedures and used approach is pre-
sented in our previous work [19]. In [20] we describe the sensibil-
ity of the Green–Kubo approach for the calculation of the thermal
conductivity of nuclear fuels and propose an algorithm for the
improvement of the accuracy of the obtained values.5. Results
Porous UO2 was modeled using the MD simulation in the tem-
perature range from 500 up to 1500 K. The literature review has
shown that nanopores with a radius of 5 to 10 Å and a volume frac-
tion of 0.052 and 0.25% are relevant for nuclear fuels. These two
parameters can be used to calculate the distance separating two
adjacent nanopores. This separation distance is a parameter rele-
vant for the assessment of the thermal conductivity degradation
as it can be directly compared to themean free path of the phonons.
For the purpose of the investigation of the UO2 thermal conduc-
tivity dependence on both the porosity and pore separation, several
different conﬁgurations of the main cell were simulated. Porosities
from 0.32% to 3.3% were considered in order to determine the inﬂu-
ence of this parameter over the extended range and to enable the
comparison with analytical models. The size of the main cell varied
from 6  6  6 unit cells (2592 ions) up to 20  20  20 unit cells
(96,000 ions). In each of the main cells only one pore was intro-
duced. As a result of the periodic boundary conditions, a system
with simple cubic distribution of pores was simulated.
For the investigation of the pore separation and size inﬂuence on
the thermal conductivity at constant porosity, two different cases
were considered. In the ﬁrst case a main cell of 6  6  6 (2592
ions) with a single pore of 6 Å radius was simulated. In the second
case a main cell of 10  10  10 (12,000 ions) with a single pore of
10 Å radius was simulated. In both cases the porosity was kept at a
constant level of 3.3%, but the minimum separation between the
pores in the ﬁrst case is 20.8 Å and 34.7 Å in the second case.For the investigation of the porosity inﬂuence on the thermal
conductivity three other cases for the main cell sizes of
12  12  12 (20,736 ions), 15  15  15 (40,500 ions) and
20  20  20 (96,000 ions) were considered. In all the cases a sin-
gle pore of 10 Å radius was simulated. Thus, including the
10  10  10 case, four cases with the same pore size but different
porosities were simulated. A summary of the simulated cases in
presented in Table 1.
The MD calculation was performed for the isothermal-isobaric
(NPT) statistical ensemble to simulate the lattice at constant tem-
perature and pressure, using the Berendsen thermostat and baro-
stat [28]. These conditions correspond to the conditions of a real
experiment, but the temperature regulation requires a careful
analysis as it may impact the thermal conductivity results [29].
To control pressure and temperature, a weak coupling to an exter-
nal bath is simulated.
The results of the thermal conductivity calculations are pre-
sented in Fig. 2. Due to the presence of the pores, the thermal con-
ductivity of the porous UO2 is lower than for pure crystalline UO2.
The impact of the nanopores is stronger than predicted with the
Maxwell equation. For instance, for a volume fraction of 3.3% of
nanopores of 6 Å radius the thermal conductivity at 500 K is
reduced by 44%, while the formula of Maxwell predicts a reduction
by 4.8%. The impact of pore size decreases as temperature
increases, due to the decrease of the phonons mean free path: at
1000 K the thermal conductivity is reduced by 16%, compared to
4.8% obtained with the Maxwell formula.
For the convenience of the analysis a separate graph at constant
porosity for the above described cases (A and B) is presented in
Fig. 3. Fig. 3 shows that thermal conductivity for the case A (main
cell of 6  6  6) is lower than for the case B (main cell
10  10  10), even though the porosity is the same in both cases.
Besides that, in the case B the radius of the pore is bigger. The fact
that in case A thermal conductivity is lower can be explained by
the increased phonon scattering on the pores surface due to the
decreased average distance between the pores, that is an increased
concentration of the pores which behave as phonon scattering cen-
ters. For the same porosity the average pore separation depends on
the average pore size. Thus, our results agree with the behavior
observed by Alvarez et al. [8] and Sellitto et al. [12] but are in con-
tradiction with the claim that the thermal conductivity of porous
materials depends only on the porosity but not on the pores size
stated by Coquil et al. [13].
In Fig. 4 the comparison of the obtained conductivity results for
the cases with different porosity but the same pore size (B, C, D and
E) is presented. Fig. 4 demonstrates that thermal conductivity of
the porous material is strongly dependent on the porosity. But,
as it was described above, the thermal conductivity of the porous
material depends not only on the porosity but also strongly
depends on the pore separation as it can be seen from Figs. 3 and 4.
Figs. 3 and 4 show that thermal conductivity of the porous
material strongly depends on the temperature. The thermal con-
ductivity decrease is less pronounced for the higher temperatures.
In general, the thermal conductivity of the porous material is
approaching the thermal conductivity of the pure material with
increasing temperature. This effect is explained by the decreased
phonon mean-free path related to the increased phonon–phonon
scattering.6. Development of an analytical model
6.1. Comparison to literature data
The presented results on the MD calculation of the thermal con-
ductivity of porous UO2 demonstrate the inﬂuence of not only the
Table 1
Simulated cases.
Case Main cell Radius (Å) Porosity (%) Separation (Å) Concentration, 1014 ; cm3
A 6  6  6 6 3.3 20.8 364.92
B 10  10  10 10 3.3 34.7 78.82
C 12  12  12 10 1.5 45.6 35.83
D 15  15  15 10 0.86 62.0 20.54
E 20  20  20 10 0.325 89.4 7.64
Fig. 2. Thermal conductivity of porous UO2.
Fig. 3. Thermal conductivity of porous UO2 at constant porosity but different
separation.
Fig. 4. Thermal conductivity of porous UO2 for the same pore size but different
porosity.
Fig. 5. Comparison of the thermal conductivity of porous UO2 obtained by MD
(thick symbols) and calculated with Eq. (1) [8] (lines with the same symbols) for a
random distribution of the pores (RD).
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but also the pores size and separation. In this work the applicabil-
ity of the equations of Alvarez et al. [8] and Sellitto et al. [12]
derived using the phonon-hydrodynamic approach is tested.The equation for the thermal conductivity of porous silicon pre-
sented by Alvarez et al. [8] (Eq. (1)) has been developed for a ran-
domly distributed array of spheres in the silicon matrix. In this
equation a so called Knudsen number, Kn ¼ l=d, is used, that incor-
porates nonlocal effects dependent on the ratio of the mean free
path, l, to the characteristic size of the system, d. In this case the
characteristic size of the system is the pore radius.
keff ¼ k01
f ð/Þ þ 18/ Kn
2
1þAðKnÞ ð1þ 3ﬃﬃ2p
ﬃﬃﬃ
/
p Þ
ð1Þ
In this equation f ð/Þ represents the Maxwell term which
describes the dependence of the thermal conductivity on the
porosity of the material, /, derived using the Fourier law,
f ð/Þ ¼ ð1 /Þ3 [8]. AðKnÞ is a numerical function of the Knudsen
number, Kn, proposed by Millikan [30] and has the form
AðKnÞ ¼ 0:864þ 0:290expð0:625d=lÞ. The second term in the
denominator describes the role of the pores size in the thermal
conductivity degradation. The results of the calculation using Eq.
(1) together with the obtained MD results are presented in Fig. 5.
Even though the equation presented by Alvarez et al. [8] (Eq.
(1)) reproduces the trend of the obtained results, it overestimates
the inﬂuence of the nanopores size on the thermal conductivity
leading to a much higher degradation.
Sellitto et al. [12] investigated the inﬂuence of porosity, pore
size and also pore arrangement on the thermal conductivity of
the porous silicon. The ﬁrst term in the denominator of the derived
equation Eq. (2), responsible for the effect of porosity, is the same
as in the equation presented by Alvarez et al. [8].
keff ¼ k01
f ð/Þ þ 18/ Kn
2
C1C2
ð2Þ
In this equation C1 is the Cunningham correction factor (Eq. (3),
where r is the bubbles radius) which is used in ﬂuid dynamics to
account for the non-continuum effects when calculating the drag
on small particles. The expression for the second correction factor
Fig. 7. Comparison of the thermal conductivity of porous UO2 obtained by MD
(thick symbols) and calculated with Eq. (5) (lines with the same symbols) for simple
cubic distribution of the pores (SCD).
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matrix.
C1 ¼ 1þ 2 lr ð1:257þ 0:4  e
1:1r=lÞ ð3Þ
Since in our simulation a simple cubic distribution of the pores
in the UO2 matrix was modeled, we are using the expression of the
C2 for the simple cubic distribution presented by Sellitto et al. [12].
C2 ¼ 1 1:76 
ﬃﬃﬃ
/3
p
þ / ð4Þ
The calculated values of the thermal conductivity, obtained
using Eq. (2), together with the obtained MD results are presented
in Fig. 6. This ﬁgure shows that Eq. (2) proposed by Sellitto et al.
[12] underestimates the inﬂuence of the porosity on the thermal
conductivity decrease.
The term ð1þ 3ﬃﬃ
2
p
ﬃﬃﬃ
/
p Þ presented in the equation of Alvarez et al.
[8] (Eq. (1)) is the same as the term presented in the work of
Sellitto et al. [12] for the C2 coefﬁcient, and corresponds to the ran-
dom distribution of the pores in the material. But in our case we
have a simple cubic distribution in the pores, which is represented
in Eq. (2) by the C2 coefﬁcient described by Eq. (4). This can be the
reason why Eq. (1) presented by Alvarez et al. [8] overestimates the
inﬂuence of the porosity compared to our MD results.
To test this assumption we replaced the ð1þ 3ﬃﬃ
2
p
ﬃﬃﬃ
/
p Þ term in Eq.
(1) with the C2 for the simple cubic distribution of the pores repre-
sented by Eq. (4). The resulting equation is Eq. (5). The calculated
values of the thermal conductivity of porous UO2 together with
the obtained MD results are presented in Fig. 7. This ﬁgure shows
that the derived Eq. (5) leads to the overestimation of the porosity
inﬂuence on the thermal conductivity drop for porous UO2 and this
overestimation is even more pronounced that in case of equation
presented by Alvarez et al. [8] (Eq. (1)) for the random distribution.
keff ¼ k0
1
f ð/Þ þ 92/ Kn
2
1þAðKnÞ ð1 1:76 
ﬃﬃﬃ
/3
p þ /Þ1
ð5Þ
Thus, the above discussion has shown the necessity of a devel-
opment of a new model.
6.2. Improved model
A ﬁtting procedure was used to derive a new equation Eq. (6)
that better describes the inﬂuence of porosity and pores size on
the UO2 thermal conductivity. This equation corresponds to a sim-
ple cubic distribution of the pores in UO2. The inﬂuence of the
porosity and pores size on the thermal conductivity degradation
was optimized through the adjustment of the ﬁtting coefﬁcients
according to the obtained MD results.Fig. 6. Comparison of the thermal conductivity of porous UO2 obtained by MD
(thick symbols) and calculated with Eq. (2) [12] (lines with the same symbols).The calculated values of the thermal conductivity with Eq. (6)
together with the thermal conductivity values obtained with the
application of MD simulation are presented in Fig. 8.
keff ¼ k01
f ð/Þ þ 3:43  /0:7  Kn0:9  ð1 e0:25KnÞ
ð6Þ
The presented equation correctly describes the inﬂuence of the
porosity on the thermal conductivity degradation of the porous
UO2 with the consideration of the pores size and pores separation
for the simple cubic distribution of the pores.7. Application to irradiated fuel
The impact of the nanopores present in irradiated fuels on the
thermal conductivity is investigated in representative cases in this
section. Two irradiated fuels were selected, with 4.5 and 6.9 vol.%
total porosity, corresponding to burn-ups of about 34 and
52 GWd t1 [31]. The difference between the two irradiated fuels
with different total porosity values is mainly due to the micromet-
ric pores, while the nanometric bubble populations are similar
[31]. The size distribution of the volume fraction (Fig. 9) is repre-
sented by the sum of two log-normal distributions, corresponding
to the nanometric and micrometric pores (Fig. 4 in [31]). The con-
tribution to porosity, considering pores of increasing radius, is
shown in Fig. 10, for the irradiated fuels with 4.5 and 6.9 total
porosity vol.%.
A preliminary analysis has shown that the effective thermal
conductivity formulas (Eqs. (1), (5) and (6)) obtained forFig. 8. Comparison of the thermal conductivity of porous UO2 obtained by MD
(symbols) and calculated with Eq. (6) (lines with symbols).
Fig. 10. Porosity considering pores of increasing radius, for irradiated fuels with 4.5
and 6.9 total porosity vol.%.
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because the function f ð/Þ ¼ ð1 /Þ3 overestimates the impact of
micrometric pores. The effective thermal conductivity of the por-
ous fuel was therefore calculated by separating the contributions
of the nanopores and micrometric pores. The effect of the nanop-
ores was investigated by considering the equations of Alvarez
adapted to a simple cubic distribution (Eq. (5)), and the equation
obtained in this work using MD results (Eq. (6)). The effect of the
micrometric pores was estimated with the equation of Maxwell–
Eucken [32]. The threshold in bubbles radius used to distinguish
between nano and micrometric pores is 100 Å. For this value of
the radius, the bubble size is much larger than the phonons mean
free path and the bubble size does not impact the effective thermal
conductivity anymore, while the volume fraction of pores with size
between 0 and 100 Å is of 0.7 vol.%, i.e. represent only a small frac-
tion of the total porosity. The inﬂuence of this threshold value on
the effective thermal conductivity was quantiﬁed by considering
also a value of 30 Å, corresponding to 0.3 vol.% of nanopores. The
effective thermal conductivity for a distribution of nanopores of
different sizes was calculated using an iterative process by apply-
ing the formulas (Eqs. (5) and (6)) to a ﬁrst medium constituted
by bulk UO2 (6.55Wm1 K
1) containing the smallest pores. This
effective medium was then considered as containing the next pop-
ulation of pores. The impact of this procedure on the calculated
effective thermal conductivity was assessed by also calculating
the effect corresponding to nanopores of only one radius repre-
senting the whole volume fraction of nanopores. The radius of
these pores corresponds to the average radius of the nanopores
weighted by their relative concentrations. For the fuels considered,
this corresponds to nanopores with a radius of 0.76 nm and a vol-
ume fraction of 0.7%. The effect of the pores with radius higher
than 100 Å was estimated with the equation of Maxwell–Eucken
[32] (Eq. (7)), taking into account the thermal conductivity of the
UO2 matrix (km, which already includes the effect of the nanop-
ores), of the pores (ki, set to zero) and their respective volume frac-
tions (v i). In fact, the effective thermal conductivity obtained by
applying the equation of Maxwell–Eucken only depends on the
total porosity, and not on their size or sizes distribution, and the
result is identical to the prediction of the classical Maxwell equa-
tion [5]. This result is due to the hypothesis that pores are spherical
and not interacting, which is a realistic approximation as the
porosity is low.
keff
km
¼
1þ 2Pni¼1v i kikmkiþ2km
1Pni¼1v i kikmkiþ2km
ð7ÞFig. 9. Pores size distributions for irradiated UO2 fuels with total porosity fractions
of 4.5 and 6.9 vol.%.In order to assess the importance of the choice of an appropriate
model for the investigation of the impact of nanopores, three effec-
tive thermal conductivity calculations were done. For the ﬁrst cal-
culation, the thermal conductivity decrease when pores of
increasing size are taken into account was calculated with the for-
mulas of Maxwell applied for all pores sizes (label Maxwell/Max-
well in Tables 2 and 3). For the second calculation, a combination
of the formulas of Alvarez and Maxwell was used (label Alvarez/
Maxwell in Tables 2 and 3). For the third calculation, a combination
of the formula obtained in this work (Eq. (6)) with equation of
Maxwell was used (label Eq. (6)/Maxwell in Tables 2 and 3). The
predicted thermal conductivity degradation taking progressively
into account nanopores up to the radius of 100 Å (Fig. 11) is of
6.48Wm1 K1with the model of Maxwell, 6.16 Wm1 K1with
the model of Alvarez, and 5.83Wm1 K1with Eq. (6). If the
nanopores effect is considered using the weighted average radius,
and the total volume fraction of 0.7%, the thermal conductivity is of
5.62Wm1 K1 with the model of Alvarez and 5.77 Wm1 K1
with Eq. (6). This stronger impact can be explained by the higher
concentration of bubbles simultaneously taken into account in
the calculation, and the smaller distance between the bubbles, in
comparison with the approach where the bubbles are introduced
progressively. With both approaches, the results obtained with
Eq. (6) are very close (5.83 versus 5.77 Wm1 K1) and the calcu-
lation is therefore considered as reliable.
If the predicted thermal conductivity degradation is calculated
taking progressively into account nanopores up to the radius of
30 Å (0.32 vol.%), the value obtained with Eq. (6) is of
5.93Wm1 K1. If the nanopores effect is considered using the
weighted average radius (0.73 nm) with the total volume fraction
of 0.32%, the thermal conductivity obtained with Eq. (6) is of
6.07 Wm1 K1, value which shows that the calculation method
does not strongly impact the result.
The effective conductivities (keff ), and their ratio to the bulk
thermal conductivity (keff=km) were calculated (Table 2) and very
similar results were obtained with the two calculation assump-
tions (thresholds of 30 or 100 Å for the nanopores formula applica-
tion). The impact of nanopores is found to be signiﬁcantly higher
than predicted with the Fourier law. For the irradiated fuel with
4.5 vol.% total porosity, at 500 K the nanopores introduce a supple-
mentary conductivity degradation of 8%, which are to be added to
the 7% degradation due to the porosity when evaluated with the
Fourier law.
For the irradiated fuel with 6.9 vol.% total porosity, at 500 K the
nanopores introduce a supplementary conductivity degradation of
8%, which are to be added to the 10% degradation due to the vol-
ume fraction when evaluated with the Fourier law. Compared to
Table 2
Effective conductivity (Wm1 K1) at 500 K (keff ) for a total porosity of 4.5% (km is the bulk conductivity).
T (K) Conductivity with nanometric pores Conductivity with all porosity (keff ) keff =km
Threshold Threshold Threshold
100 Å 30 Å 100 Å 30 Å 100 Å 30 Å
Maxwell/Maxwell 6.48 6.52 6.12 6.12 0.93 0.93
Alvarez/Maxwell 6.16 6.24 5.8 5.87 0.89 0.90
Eq. (6)/Maxwell 5.83 5.93 5.51 5.57 0.84 0.85
Table 3
Effective conductivity (Wm1 K1) at 500 K (keff ) for a total porosity of 6.9% (km is the bulk conductivity).
T (K) Conductivity with nanometric pores Conductivity with all porosity (keff ) keff =km
Threshold Threshold Threshold
100 Å 30 Å 100 Å 30 Å 100 Å 30 Å
Maxwell/Maxwell 6.48 6.52 5.89 5.89 0.90 0.90
Alvarez/Maxwell 6.16 6.24 5.62 5.66 0.86 0.86
Eq. (6)/Maxwell 5.83 5.93 5.31 5.36 0.81 0.82
Fig. 11. Thermal conductivity decrease when bubbles of increasing size are taken
into account (with a radius threshold of 30 Å for the nanopores size).
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reduced by a factor 3.7, inducing a conductivity degradation of
about 2%.
The effect is signiﬁcant and justiﬁes a revision of the irradiated
fuel conductivity models. The ﬁnal values predicted by the thermal
conductivity correlations will not be affected, when these are
adjusted to experimental results, but the distribution of the
burn-up effect between the different mechanisms (porosity, ﬁssion
products, radiation damage, . . .), could be reviewed. A possibility is
to include this effect in the radiation damage contribution, as the
concentration of nanopores, as well as the concentration of radia-
tion damage, reach saturation values with the increase of burn-
up. The impact of increased irradiation temperature may require
additional modeling, as both effects are not similarly affected:
the radiation damage concentration decreases, while the bubble
size increases by coalescence, both phenomena leading to a recov-
ery in the thermal conductivity if the bubbles volume fraction
remains constant as their size increases. This latter phenomena
requires additional modeling by coupling the calculation to a ﬁs-
sion gas behavior model, as an increase in temperature leads to
supplementary ﬁssion gas precipitation.8. Conclusions
The impact of porosity on the effective thermal conductivity of
irradiated UO2 fuel, as predicted with the Fourier law, isunder-evaluated because of the inappropriate treatment of the
contribution of the nanometric pores. The impact of nanometric
pores on the thermal conductivity was investigated by MD, the
results were compared to formulas available in the literature and
a correlation adapted to the pore size and porosity relevant for irra-
diated fuels was proposed. This correlation takes into account the
phonons mean free path, which is strongly impacted by the pres-
ence of nanometric pores with high concentrations. Calculations
considering realistic size distributions and porosity were done for
irradiated UO2 fuel, combining the correlation obtained for nano-
metric pores, where the pores size has a strong effect, with the for-
mula of Maxwell applied for pores size larger than 100 Å, where
the pores size has no impact. The main approximation of this
model is the iterative introduction of nanometric pores of increas-
ing sizes, in order to take into account the real sizes distribution.
The results have shown that the conductivity degradation due to
the nanometric size pores is of the same order of magnitude as
the degradation due to the macroscopic pores volume fraction,
while it represents only about 10% of the volume fraction of voids.
This result demonstrates the necessity of a separate modeling of
the effect of the nanometric pores in the irradiated fuel thermal
conductivity correlations, as their impact is much larger than pre-
dicted from their volume fraction. The thermal conductivity values
predicted by the correlations based on experimental results will
not change, but an improved understanding of the phenomena
responsible for the conductivity degradation with burn-up will
be achieved, with a better quantiﬁcation of the contribution of
the different mechanisms.References
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